The sedimentation process is the most important problems that affects directly the performance of reservoirs due to the reduction of the storage capacity and possible problems effecting the operation. Thus periodic assessment of the storage capacity and determining sediment deposition patterns is an important issue for operation and management of the reservoirs. In this study, bathymetric survey results and an analytical approach had been used to assess the characteristics of sedimentation and estimate the useful life of Mosul Reservoir. It is located on the Tigris River in the north of Iraq. The water surface area of its reservoir is 380 km 2 with a designed storage capacity of 11.11 km 3 at a maximum operating level (330 m a.s.l). The dam started operating in 1986. No detailed study was yet carried out to assess its reservoir. The present study indicated that the annual reduction rate in the dead and live storage capacities of the reservoir is 0.786% and 0.276% respectively. The observed results (bathymetric survey) and algebraic formula show approximately that the useful life of Mosul dam reservoir is about 125 years. Furthermore, the stage-storage capacity curves for the future periods (prediction curves) were established using bathymetric survey data.
Introduction
The decrease and scarcity of water resources in the Middle East due to increased demand have negative effects on the economic development and prosperity and thus affect political stability in the region [1] [2] [3] [4] [5] . Until 1970, Iraq was excluded from the neighboring countries that suffer from water scarcity due to the presence of the Tigris and Euphrates rivers despite the fact that in midseventies the Syrian cut the Euphrates water to impound some of their reservoirs [4] . The idea of construction of irrigation and flood control systems in Iraq were started in the first half of the twentieth century by the Board of Development created by the Kingdom of Iraq [4] . Primarily, it was to protect Baghdad, the capital, and other major cities from flooding. The 1970 to 1990 was the best period of development of Iraq's water systems. The process stopped in the 1990 due to the first Gulf War and UN sanctions. In 1977, the Turkish Government started to utilize the water of the Tigris and Euphrates Rivers through the South-eastern Anatolia Project (GAP). The project includes 22 multipurpose dams and 19 hydraulic power plants which are to irrigate 17,103 km 2 of land with a total storage capacity of 100 km 3 which is three times more than the overall capacity of Iraq and Syrian reservoirs [4, 5] . Eight of these dams are to be constructed on the River Tigris, only three were built (two in 1997 and one in 1998). The irrigation projects in GAP will consume about 22.5 km 3 of water per year after completion [3] [4] [5] . The total irrigated area in Iraq is estimated before the Iraq-Iran war and the second Gulf War to be around 40,000 km 2 which decreased to 27,800 km 2 after second Gulf War for the Euphrates-Tigris basin [3, 4] . The reduction of flow in the Tigris and Euphrates Rivers in Iraq is considered to be a national crisis and will have severe negative consequences on health and on environmental, industrial and economic development [4, 5] . In view of the above, the Iraqi Government should work to adopt effective procedures to overcome the water shortages. Among these procedures is the assessment the sedimentation rate in the reservoirs to determine actual storage capacities [4] . Mosul Reservoir is one of the strategic projects and its storage capacity needs to be evaluated. The reservoir was operated in 1986 and no detailed studies had yet been carried out to know the characteristics of sedimentation and determine its useful life.
In the present study, the two topographic maps of Mosul reservoir dated 1983 and 2011 in "Triangular Irregular Network" (TIN) format were used for the assessment of sedimentation rate and determining the reduction in the storage capacity for the live and dead storages as well as the whole Mosul reservoir during its operational period. The two surveys were used to determine the future shift in the stage-storage capacity curve of reservoir. Furthermore, the observed results and algebraic equation that were proposed by Gill [6] were used to determine the life span of Mosul reservoir.
Study Area: Mosul Reservoir
Mosul dam is one of the most important hydraulic structures in Iraq which has been built on the Tigris River, north of Iraq. The dam is an earth fill dam, 113 m high, 3650 m long with its spillway, located 60 km north west Mosul city at latitude 36˚37'44"N and longitude 42˚49'23"E ( Figure 1 ). The dam is multipurpose and in operation on July 7th, 1986 for irrigation, floods control and hydropower generation [7] . Mosul dam has a designed dead storage of 2.95 km 3 and live storage of 8.16 km 3 ; i.e. a total storage capacity of 11.11 km 3 . The maximum, full and dead storage levels of the reservoir are 335, 330 and 300 m a.s.l respectively. The shape of the reservoir is almost elongated and expands close to the dam site. Its length is about 45 km with width ranges from 2 to 14 km at the full level with 380 km 2 waterspread area [7] . The main source of the water and sediment entering the reservoir flows from the River Tigris; Figure 2 shows the average monthly water inflow and outflow of the reservoir during 25 years of its operation. Ten seasonal valleys feed the reservoir, 7 from eastern side and 3 from the western side. These valleys contribute water and sediment during rain events that are less than 2% [8] [9] [10] [11] . The catchment area of the River Tigris estimated above Mosul dam is about 54,900 km 2 shared by Turkey, Syria and Iraq [12, 13] and the catchment area of the valleys surrounding the reservoir is about 1375 km 2 [14, 10] .
Data Availability
The hydrographic survey is a direct measurement and most accurate technique to determine the total volume of the sediment deposited in the reservoirs, sedimentation pattern and bottom profile in the reservoirs and lakes. The recent advances in Global Positioning System (GPS), echo sounding survey technique and computer programs caused a significant reduction in the efforts, time and cost of the collecting and analyzing survey data [15] [16] [17] . The 1986 and 2011 topographic maps in TIN format for Mosul reservoir area were used to evaluate the sedimentation rate. These maps were provided by Issa et al. [18] ( Figure  3) . The TIN maps were used to compute the storage capacity and water-spread area for live storage and dead storage zones using Arc/GIS software ( Table 1) . The reduction in storage capacity of the reservoir for the two surveys at different times represents the total volume of sediment accumulated in it [17] . Therefore, the above results were used to compute the volume of sediment deposited and the reduction in the water-spread area for the reservoir during 25 year of operating ( Table 1 ).
Results and Discussion
The reservoirs are built to achieve certain purposes, e.g. irrigation, hydropower generation, flood control, navigational, urban water supply, etc. Reservoir sedimentation and consequent loss of storage capacity affects directly the future performance of reservoirs. Consequently, it is of prime importance to monitor the rate of sedimentation and the changes in the capacity of the reservoir. To achieve a real situation of the storage volume of water within Mosul reservoir it is important to know the following: 
Useful Life of Reservoir
The useful life or design life is a period that the sediment deposited does not affect the economic feasibility and sustainability of water resources demand. In general, useful life of the reservoir is the time period when the reservoirs depleted 50% of its storage capacity or the dead storage is completely filled with sediment [6, 19] . In the present study, the useful life for Mosul reservoir was computed using algebraic equations that were proposed by Gill [6] . The equations represent the relationship between initial storage capacity of reservoir, water and sediment inflow into the reservoir and specific weight of sediment deposited as shown in the following equations.
For coarse grained sediment 
where, C o is the initial storage capacity of reservoir; T L is the useful life when the initial capacity reduce to half; I is the annual water inflow; G is the weight of annual sediment inflow; and r' is the specific weight of sediment deposited which was computed depending on the Lane and Koelzer empirical formula presented in 1953 [15, 20] . The results of the above approach are presented in the Table 2 . Furthermore, the bathymetric survey results ( Table 1) were used for estimating the useful life based on the depleted dead storage and 50% loss of the initial storage capacity of the reservoir ( Table 2 ). In such a case, the depositional conditions are assumed to be constant during the life of the dam. The observed results obtained from bathymetric survey and analytical approach were similar. Accordingly, it is possible to assume that the useful life for Mosul reservoir is approximately 125 year.
Sedimentation Rate and Pattern
According to the observed results ( (Figure 4) . Figure 4 shows the maximum loss in water-spread area (water surface area) at the dead storage level in the northern part of the reservoir where the River Tigris enters the reservoir at this part. That means the most of sediment deposited in that area. This sequence is very logical in reservoirs [21] .
The sedimentation in the reservoir caused a shift in the stage-storage capacity curve. The bathymetric survey results were used to compute the sedimentation rate for different water levels of reservoir that was used to predict the storage capacities at these levels for 50, 75, 100 and 125 years, all values are tabulated in Table 3 .
The results in the above table were used to construct the stage-storage displacement curve during operation of the Mosul reservoir ( Figure 5 ). 
Summary and Conclusion
Reservoir sedimentation and consequent loss of storage capacity affect directly water availability and project operation. In the present study, two topographic plans in TIN format of 1986 and 2011surveys were used for the assessment of reservoir sedimentation in live and dead storage zones. The results showed that the annual reduction in the dead and live storage capacities were 0.787% and 0.276% respectively. The water-spread area of the reservoir at dead storage level reduces annually by 1.34 km 2 (0.79%). Furthermore, stage-storage capacity curves for future periods 50, 75, 100 and 125 years were elaborated using the sedimentation rate on that elevation. The bathymetric results and analytical formulas gave almost similar results (125 year) for useful life storage of the reservoir.
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